N eoNatal brachial plexus palsy (NBPP) results from the stretching of the nerves of the brachial plexus before, during, or after delivery. This disorder occurs in approximately 0.42 to 2.9 per 1000 live births. 3, 11, 14, 16 The resulting neurological deficit depends on the portion of the brachial plexus that was injured, with the most common pattern being injury to C-5 and C-6 nerve roots (and/or upper trunk), resulting in weakness of shoulder abduction, external rotation, and elbow flexion. Previous studies in the literature suggest that some degree of NBPP persists in up to 70% to 80% of children born with NBPP.
intervention. 9 One paradigm that has been used is the assessment of biceps function at 3 months, with the lack of recovery signifying a poor prognosis and serving as an indication for surgery. 17, 21 Other paradigms have focused on earlier evaluation of biceps and triceps function coupled with electrodiagnostics or other functional testing such as the "towel test" or "cookie test." 4, 6, 24 As opposed to the several peripartum (maternal) and neonatal characteristics that have been identified as risk factors for the occurrence of NBPP (e.g., multiparity, gestational diabetes, labor abnormalities, operative vaginal delivery, shoulder dystocia, and macrosomia), 27, 36, 39 no data are available regarding peripartum or neonatal factors and their relationship to the persistence of NBPP.
We aimed to identify the peripartum and neonatal factors associated with persistence of NBPP at 1 year of age. It is our hope that the identification of such factors may allow the development of a prediction scheme that incorporates these factors along with physical examination findings, electrodiagnostics, and imaging findings to identify patients unlikely to recover and, thus, be recommend for early nerve surgery.
methods study design
This retrospective cohort study was approved by the institutional review board (IRB) at the University of Michigan. Data from all patients included in the University of Michigan Interdisciplinary Brachial Plexus Program (UM-IBPP) data repository from July 2005 to June 2015 were retrospectively reviewed. Patients with NBPP were diagnosed via clinical presentation, physical examination, and diagnostic testing such as electromyography and/ or imaging evaluations. The UM-IBPP team evaluated infants with NBPP in order to determine their shoulder, elbow, hand, and finger active ranges of motion. Peripartum and neonatal factors were abstracted from an IRBapproved data repository. Peripartum factors comprised maternal age at delivery, parous birth, gestational diabetes, hypertension, shoulder dystocia in prior and current births, induction or labor augmentation, use of a birth aid (vacuum or forceps), duration of labor (hours), and route of delivery (vaginal or cesarean section). Neonatal factors consisted of gestational age at birth (weeks), delivery presentation (breech or cephalic), 5-minute Apgar score, birth weight > 9 lbs, clavicle fracture, humerus fracture, presence of torticollis, plagiocephaly, and Horner syndrome. Narakas grade was dichotomized into Narakas I to II and III to IV injuries.
The demographic variables were collected at the time of clinical evaluation. The ZIP code of the referring provider was used to find the median household income by accessing the United States Census Bureau data from 2013.
outcome of interest
The primary outcome of interest was NBPP persistence, defined as the presence of musculoskeletal contractures or any joint's active range of motion that deviated from normal by more than 10° or any patient undergoing nerve surgery for NBPP using our management algorithm (Fig. 1) . Patients undergoing nerve surgery are, by definition, considered to have persistent NBPP according to our management algorithm. Persistence was evaluated at 1 year of age.
statistical analysis
Statistical analysis was performed using commercially available software (SPSS version 22; IBM Corp.). The Student t-test (continuous variables) and chi-square test or Fisher exact test (categorical variables) were used to investigate differences in the peripartum and neonatal characteristics between infants with persistent and resolved NBPP at 1 year of age. For those variables with a statistically significant difference (p < 0.05), we further analyzed them using univariate logistic regression. For all tests, a p value < 0.05 was considered statistically significant.
results
During the study period, 394 infants with NBPP were seen by the UM-IBPP team, and 382 infants received follow-up through 1 year and were included in the study. At 1 year, 323 (84.6%) of the infants in the specialty referral clinic had persistent NBPP. While traditionally associated with birth trauma during vaginal delivery, 30 (7.9%) infants were born by cesarean delivery. Maternal and peripartum factors were then tested for their association with the persistence of NBPP at 1 year. Table 1 demonstrates the demographic characteristics of the patients included in this study. Table 2 demonstrates the peripartum factors that were tested for their association with persistence of NBPP at 1 year. No association was seen for shoulder dystocia with prior or current birth, nor maternal age, diabetes, hypertension, primiparous birth, or duration of labor. The following factors were associated (p < 0.05) with NBPP persistence: cephalic presentation, induction or augmentation of labor, the use of a birth aid (vacuum or forceps), and vaginal delivery. Table 3 demonstrates the neonatal factors that were evaluated for their association with persistence of NBPP at 1 year. No association was seen between persistent NBPP and clavicle or humerus fracture, torticollis, plagiocephaly, or gestational age. However, birth weight > 9 lbs, Apgar score < 7 at 5 minutes, presence of Horner syndrome, and Narakas grade were all associated with NBPP persistence at 1 year.
Next, we determined the odds ratio of having persistent NBPP at 1 year by applying univariate logistic regression modeling. Table 4 demonstrates the results. Cephalic presentation, induction or augmentation of labor, birth weight > 9 lbs, and the presence of Horner syndrome all significantly increased the likelihood of persistence at 1 year. To the contrary, cesarean delivery and a Narakas Grade I to II injury both significantly reduced the likelihood of persistent NBPP at 1 year.
discussion
A number of previous studies have focused on the identification of the factors associated with the incidence of NBPP. However, no data exist regarding what factors are associated with persistent versus spontaneously resolved NBPP. In this study, we aimed to identify the peripartum and neonatal factors that were associated with persistent NBPP. We found that cephalic presentation, induction or augmentation of labor, birth weight > 9 lbs, and the presence of Horner syndrome all significantly increased the odds of persistence at 1 year, while cesarean delivery and Narakas Grade I to II injury significantly reduced the odds of persistence.
NBPP is not uncommon, occurring in approximately 1.5 per 1000 live births, similar to the incidence of cerebral palsy. The literature varies widely regarding what percentage of NBPP patients experiences spontaneous resolution, but most methodologically sound studies suggest that a deficit persists in 20% to 30% of patients, though there is variance in how persistence is defined and the number may be higher. 22, 31 For example, using rigid criteria in the current study, we found persistence in 85% of patients. Our data may be biased, however, as those patients who rapidly and spontaneously resolve are unlikely to be referred to specialty centers such as ours. Nerve surgery is underutilized for patients with NBPP. Only approximately 3.3% of patients with NBPP undergo some form of nerve surgery, 34 despite an at least 10-fold higher rate of persistence. This may reflect a lack of knowledge concerning nerve surgery by referring providers, or may reflect the difficulty in deciding to whom nerve surgery should be offered. When neonates present with NBPP, the clinician is left with the decision of whether to offer nerve surgery or manage conservatively and allow spontaneous recovery. There are few data available addressing the indications for nerve reconstruction, and no specific guidelines are available to the clinician faced with this decision.
A number of paradigms have been developed in an attempt to create a decision-making protocol, but none has become the standard of care. Most agree that when a neurotmetic lesion or nerve root avulsion can be identified, that is an indication for early nerve surgery. 22, 41 However, in the absence of a neurotmetic lesion or root avulsion, practice varies. Most management strategies have focused on evaluation by physical examination, or functional examination using the progress in the examination over time to dictate whether operative management is pursued. Impaired hand function at 2 to 3 months of age is seen by some as an in- dication for surgery. 30 Operative management is also often recommended for those infants who lack shoulder external rotation and elbow flexion by 3 to 4 months of age. 29 Given that neurotmetic lesions or root avulsions will not spontaneously recover, work has focused on the earlier identification of such lesions by imaging as a means of improving clinical decision making. 32, 35 Other work has focused on additional examination findings that suggest the poor likelihood of spontaneous recovery as a means of improving surgical stratification. For example, concurrent phrenic nerve palsy in patients with NBPP has been shown to portend a poor likelihood of spontaneous recovery. 42 Electrodiagnostics and imaging studies are merely an extension of the physical examination and have not been shown to be predictive, but are still important adjuncts. 5, 32, 37 The development of a prediction scheme that incorporates peripartum and neonatal factors, early clinical examination findings, and early diagnostic imaging and can be applied shortly after birth may have a number of implications. First, it may improve specialty utilization and referral. Ideally, all neonates with NBPP would be referred to multidisciplinary specialty clinics for care, but specialty care for NBPP is underutilized. 34 Currently, no test or prediction algorithm exists based on peripartum and neonatal factors for the identification of severe lesions. 23 In fact, few treatment paradigms for NBPP even exist, and those that do use serial physical examination information, not the characteristics inherent to the perinatal period. 2, 24 Ideally, a specialty clinic would evaluate all neonates, but the underutilization of surgical intervention suggests that early referral/evaluation is not happening. The development of such a prediction scheme may allow clinicians other than nerve surgeons to make an early assessment and may expedite referrals, rather than encouraging the oftimplemented watch-and-wait paradigm with late referral for those infants without spontaneous recovery. There is certainly selection bias in our study given that the cohort used is a group of patients that was referred to a specialty clinic. Any prediction scheme would need to be validated in a cohort of patients that includes all NBPP patients and is unbiased by referral prior to being considered useful by potential referring physicians (such as pediatricians, obstetricians, and family practice physicians). Second, such a prediction scheme may allow nerve surgeons to make an earlier determination as to which infants may benefit from surgical exploration/reconstruction. Nerve surgery is typically performed between 3 and 6 months of life, but early repair is associated with better outcomes. 22, 24, 38 Thus, anything that expedites decision making and allows for earlier intervention is likely to improve outcomes.
Our current study identifies the peripartum and neonatal factors that are associated with NBPP persistence. We believe that the incorporation of the peripartum and neonatal factors into a prediction scheme may be important, but, until now, no data were available regarding the relationship of such factors to the persistence of NBPP. The advantage of identifying such factors is that they can be assessed in the early days of life. Thus, this should allow for the early application of a prediction algorithm and stratification of patients with NBPP that is likely to spontaneously resolve or likely to persist and would benefit from nerve surgery. This would represent a marked paradigm shift, as most management strategies currently rely on the findings at 3 to 6 months of life, which delays intervention.
A number of factors have been suggested that may increase the incidence of NBPP. These include advanced maternal age, obesity, diabetes, abnormalities of second-stage labor, vacuum-or forceps-assisted delivery, and shoulder dystocia. 20, 27, 28, 40, 43 Factors that have been suggested to be protective against NBPP include twin or multiple births and cesarean delivery. 16 Though this wide range of factors has been suggested, none have been consistently shown to be predictive of NBPP occurrence. We did find that these factors were common in our cohort of patients: 23.8% of infants had mothers with gestational diabetes; shoulder dystocia was present in 64.9% of infants; an assistive device such as a vacuum or forceps was used in 22.3% of births; and the route of delivery was cesarean section in 7.9% of births. While not uncommon, most of these factors were still present in the minority of cases. Regardless, incidence and persistence have never been linked and no data exist regarding the factors that increase or decrease the likelihood of persistence aside from the Narakas classification. Narakas classified NBPP into 4 grades. Patients in Grade I have injury to C-5 and C-6 (upper trunk), resulting in weakness of shoulder abduction, external rotation, and elbow flexion. Those in Grade II also have injury to C-7 (middle trunk) with additional weakness of the elbow, wrist, and finger extension. Patients in Grade III have a pan-plexopathy with injury to C-5, C-6, C-7, C-8, and T-1 and a flail arm. Patients in Grade IV have injuries similar to Grade III, but also have Horner syndrome. 25, 26, 41 Narakas Grade I to II patients have been shown to have a higher likelihood of spontaneous recovery. 15 Our data support this finding. We found that infants with Narakas Grade I to II injuries had an odds ratio of 0.200 (95% CI 0.081-0.492) of persistence compared with Narakas Grade III to IV injuries.
The factors identified in this study as increasing the likelihood of persistence are similar to those previously suggested to increase the incidence of NBPP. We found that cephalic presentation, induction or augmentation of labor, birth weight > 9 lbs, and the presence of Horner syndrome increased the risk of persistence, while cesarean delivery and Narakas Grade I to II injury decreased the likelihood. We are the first to identify any peripartum and neonatal factors related to persistence of NBPP. Not all data points were available for all patients, making multivariate analysis difficult. Thus, it remains possible that there is an interaction between some of these identified factors. For example, it remains possible that cephalic presentation simply increases the likelihood of vaginal delivery and really is a covariate with vaginal/cesarean delivery. The inclusion of Horner syndrome was a builtin positive control. Physiologically, the presence of Horner syndrome suggests a very proximal injury to the lower roots that will not spontaneously recover. Thus, the identification of Horner syndrome, by increasing the likelihood of persistence, adds some internal validity to the data.
The lack of an association between shoulder dystocia and NBPP persistence is unexpected because some investigators purport that the persistence of brachial palsy can occur only in conjunction with impacted shoulder. 18, 19 It is possible that there was recall bias by mothers who were not informed of shoulder dystocia by the clinicians. Optimally, we would have the obstetric charts for all children with NBPP in order to confirm if the delivery was complicated by shoulder dystocia. But, it is noteworthy that documentation about shoulder dystocia is not accurate at times, so even if we had the obstetric charts, we could not be certain of whether there was impaction of the shoulder. 12, 13 Moreover, in the postpartum period, neither the clinician nor the mother could have known if NBPP would persist. Thus, it is unlikely that maternal recall could have nullified the association between shoulder dystocia and persistent NBPP. As noted by the American College of Obstetricians and Gynecologists (ACOG), it is likely that NBPP is secondary to maternal endogenous forces of labor in combination with normal exogenous forces applied by the clinician to effectuate delivery. 1 Indeed, our finding that shoulder dystocia occurred with similar frequencies in the transient and persistent groups supports the suggestion by ACOG that it is the combination of endogenous and exogenous forces that are linked with NBPP.
The major limitation of the study is the selection bias introduced by the cohort used in the study. There was a significant selection bias introduced by the fact that the study cohort is a cohort of patients referred to a specialty clinic. Those patients who quickly and spontaneously recover are unlikely to be captured in this cohort. This is evidenced by the high rate of persistence observed in our cohort (84.6%). While there is certainly selection bias in our study, the factors identified are still predictive of persistence, even among a cohort with a high rate of persistence. Future studies should focus on capturing all births within a health care network and then prospectively tracking those with NBPP in order to reduce such bias.
The strengths of this study lie in the patient cohort. First, it is a large cohort, particularly for NBPP studies. Second, the cohort of patients received reliable follow-up for 1 year following birth. Third, both neonates with spontaneous resolution and persistent NBPP were followed for this duration. Fourth, the data set has some evidence of validity, given the aforementioned predictive nature of the presence of Horner syndrome.
conclusions
Given the strengths of this study, we believe this study adds to the current body of knowledge surrounding NBPP, particularly as it relates to persistence. Future work will focus on the incorporation of these identified peripartum and neonatal factors into a prediction scheme for persistent NBPP and validating the score of our internal data and subsequently an external data set.
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